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ABSTRACT
We present an extensive study of the Sagittarius II (Sgr II) stellar system using Mega-
Cam g and i photometry, narrow-band, metallicity-sensitive Calcium H&K doublet
photometry, augmented with Keck II/DEIMOS multi-object spectroscopy. We are able
to derive and refine the Sgr II structural and stellar properties: the colour-magnitude
diagram implies Sgr II is old (12.0 ± 0.5) Gyr and metal-poor. The CaHK photometry
confirms the metal-poor nature of the satellite ([Fe/H] CaHK = −2.32± 0.04 dex) and
suggests that Sgr II hosts more than one single stellar population (σCaHK[FeH] = 0.11
+0.05
−0.03
dex). From the deep spectroscopic data, the velocity dispersion of the system is found
to be σvr = 2.7
+1.3
−1.0 km s
−1 after excluding two potential binary stars. Using the Ca
infrared triplet measured from our highest signal-to-noise spectra, we are able to con-
firm the metallicity and dispersion inferred from the Pristine photometric metallicities:
([Fe/H]spectro = −2.23 ± 0.05 dex, σspectro[Fe/H] = 0.10+0.06−0.04 dex). Sgr II’s metallicity and
absolute magnitude (MV = −5.7 ± 0.1 mag) place the system on the luminosity-
metallicity relation of the Milky Way dwarf galaxies despite its small size. The low,
but resolved metallicity and velocity dispersions paint the picture of a slightly dark
matter-dominated satellite. Furthermore, using the Gaia Data Release 2, we constrain
the orbit of the satellite and find an apocenter of 118.4+28.4−23.7 kpc and a pericenter of
54.8+3.3−6.1 kpc. The orbit of Sgr II is consistent with the trailing arm of the Sgr stream
and indicate that it is possibly a satellite of the Sgr dSph that was tidally stripped
from the dwarf’s influence.
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1 INTRODUCTION
During the history of the Universe, structures such as galax-
ies formed hierarchically. Therefore, dwarf galaxies (DGs)
are particularly old and metal-poor systems and targets of
choice to study the history of the local universe. They are
systems spanning a wide range of masses and luminosity.
Bright dwarf galaxies such as Sculptor (Shapley 1938b),
Draco (Wilson 1955), or Sextans (Irwin et al. 1990) have
been known for decades (Mateo 1998), but the extensive
search for these systems over the last twenty years revealed
fainter and fainter systems (Martin et al. 2006, Belokurov
et al. 2007, Zucker et al. 2006b). Still, our knowledge of
the Milky Way satellites remains incomplete. The recent
discoveries of several of those faint galaxy candidates with
MV > −4 (Willman et al. 2005a; Belokurov et al. 2007;
Drlica-Wagner et al. 2015; Laevens et al. 2015b; Luque et al.
2016) are promising as they might well bring new perspec-
tives to near-field cosmology (Bullock & Boylan-Kolchin
2017).
The study of these nearby small-scale structures can
allow one to explore various problematics in astrophysics,
from the faint-end of the galaxy luminosity function
(Koposov et al. 2009) to the validity of cosmological
models. Therefore, DGs are important cosmological probes
(Pawlowski et al. 2017; Tulin & Yu 2017) as the comparison
of their observed properties with the predictions made by
our current ΛCDM model leads to some discrepancies that
we have to understand in order to constrain and refine our
cosmological models. DGs are also thought to be among the
most dark matter (DM hereafter) dominated systems in the
universe (Wolf et al. 2010) and could be useful for the de-
tection of the elusive DM particle through self-annihilation
processes (Bertone, Hooper & Silk 2005; Geringer-Sameth,
Koushiappas & Walker 2015). However, using faint dwarf
galaxies as cosmological probes can be challenging as their
exceptional faintness comes with observational challenges.
The overall properties and/or even the very nature of the
recently discovered systems can sometimes be puzzling
as the distinction between galaxy and globular cluster is
difficult to make (Conn et al. 2018, Longeard et al. 2018).
Therefore, only the combined efforts of deep photometric
surveys, such as the Dark Energy Survey (The Dark
Energy Survey Collaboration 2005, DES), the Panoramic
Survey Telescope and Rapid Response System (Chambers
et al. 2016, PS1), or the Sloan Digital Sky Survey (York
et al. 2000, SDSS), and spectroscopic observations can
hope to improve our understanding on the faint-end of the
luminosity function and the history of the Milky Way (MW).
In this context, we present here the study of the Milky
Way satellite Sgr II, discovered by Laevens et al. (2015a,
hereafter L15) in PS1, where it was identified as an old (12.5
Gyr) and metal-poor ([Fe/H] = -2.20 dex) dwarf-galaxy can-
didate. L15 noticed that Sagittarius II had a peculiar loca-
tion on the sky: its position and distance were found to be
consistent with the predictions of models for the Sagittarius
stream (Law & Majewski 2010). They concluded that this
satellite might actually have been a satellite of the bright
Sagittarius dwarf galaxy discovered by Ibata, Gilmore & Ir-
win (1994). However, spectroscopic observations were still
needed at the time to dynamically tie the stream and Sagit-
tarius II, as well as confirming the galaxy nature of the satel-
lite. Sgr II was also studied by Mutlu-Pakdil et al. (2018,
M18) with Magellan/MegaCam photometry, who confirmed
the structural properties inferred from L15. Furthermore,
using both blue horizontal branch stars (BHBs) and a CMD-
fitting technique, they found an old (13.5 Gyr), metal-poor
([Fe/H] = −2.2 dex) stellar population, with an alpha abun-
dance ratio of α/Fe = 0.4 dex, and a distance modulus
m − M = 19.2 ± 0.2 mag. Moreover, they found a half-
light radius of 32 ± 1.0 pc, and an absolute magnitude of
MV = −5.2 ± 0.1 mag. Based on all these properties, M18
concluded that the system was likely a globular cluster, and
compared the satellite to several extended clusters of M31
associated to known streams, in the same way that Sgr II is
suspected to belong to the Sgr stream. However, M18 em-
phasised the importance of a spectroscopic study to confirm
their conclusion.
In this work, we show a thorough analysis of the stel-
lar, structural and orbital properties of Sagittarius II, us-
ing deep broadband photometry from the Canadian-France-
Hawaii Telescope (CFHT) MegaCam (MC hereafter) imager
in the context of Pristine. The Pristine survey uses a narrow-
band filter centred on the metallicity-sensitive Ca H&K dou-
blet (Starkenburg et al. 2017) to identify metal-poor stars
and estimate their metallicity using pure photometry. Keck
II/DEIMOS spectroscopy are additionally used to constrain
the system’s metallicity and kinematics. Finally, combined
with the Gaia Data Release 2, we constrain the orbital prop-
erties of the satellite.
2 OBSERVATIONS AND DATA
2.1 Photometry
Our photometry consists of deep broadband gMC and iMC
observations as well as narrow-band observations with the
CaHK filter centred on the metallicity-sensitive Calcium
H&K doublet. It was observed using the wide-field im-
ager MegaCam on the CFHT (Boulade et al. 2003). The
CaHK photometry is part of a larger survey called Pristine
(Starkenburg et al. 2017). The ongoing Pristine and Pristine
dwarf-galaxy surveys aim to probe the northern part of the
MW halo, the MW bulge, as well as many of the northern
faint dwarf galaxies and dwarf-galaxy candidates. A study
of the MW satellite Draco II, from a very similar data set
to that of the current paper, is presented in Longeard et al.
(2018, hereafter L18).
Observations were conducted in service mode by the
CFHT staff during the night of July, 2nd, 2016 under good
seeing conditions (∼ 0.4′′). We refer to reader to L18 for
the details of the Megacam data reduction. The star/galaxy
separation is done using the Cambridge Astronomical Sur-
vey Unit (Irwin & Lewis 2001) pipeline flags, which also
indicate saturated sources. The MegaCam photometry is
calibrated onto the PS1 photometric system with the same
procedure as in L18: a cross-identification of all unsaturated
point sources with photometric uncertainties below 0.05 mag
in both catalogs is performed. The difference gMC−gPS1 (re-
spectively iMC−iPS1) is expressed as a function of the colour
gMC−iMC. We then fit a third-order polynomial to translate
MC photometry into PS1 through a 3σ clipping procedure.
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Figure 1. Spectrum of a g0 ∼ 17.5 star in our spectroscopic
data set, corresponding to a S/N ∼ 90. This spectrum is already
processed and sky-substracted.
The coefficients of the polynomials to transform (gMC,iMC)
into (gPS1,iPS1) in this work are different from those in L18.
We define x ≡ gMC − iMC and obtain:
gMC − gP1 = ag0x2 + ag1x+ ag2,
iMC − iP1 = ai0x2 + ai1x+ ai2,
with x ≡ gMC − iMC. The calibration coefficients are: ag0 =
−0.0162 ± 0.0046, ag1 = 0.0906 ± 0.0029, ag2 = −0.0696 ±
0.0016 for the g band and ai0 = −0.0117 ± 0.0032, ai1 =
0.0058 ± 0.0022, ai2 = −0.1359 ± 0.0010 for the i band. All
uncertainties on the polynomials coefficients are propagated
into the photometric uncertainties.
All stars saturated in the MC photometry, filtered dur-
ing the calibration process, are taken directly from PS1
and added to the final catalog, for a total of 83,355 stars.
This catalog is finally dereddened using the dust map from
Schlegel, Finkbeiner & Davis (1998) and the extinction co-
efficients from Schlafly & Finkbeiner (2011). In the rest of
the text, we use the combined catalogue and the PS or MC
subscripts are dropped.
2.2 Spectroscopy
Spectroscopic follow-up observations of Sgr II were obtained
with Keck/DEIMOS (Faber et al. 2003): “mask 1” was ob-
served on the 2015-09-18, “mask 2” on the 2015-09-08 and
“mask 3” on the 2015-09-12 . Mask 3 is a re-observation
of mask 1, while mask 2 was chosen perpendicular to the
other two in order to probe potential Sgr II members fur-
ther away in the South/North direction (Figure 2). We refer
the reader to Ibata et al. (2011) for a detailed description
of our DEIMOS data reduction procedure. All stars with a
signal-to-noise ratio (S/N) below 3 or with a velocity uncer-
tainty greater than 15 km s−1 were discarded. Following the
procedure described in (Simon & Geha 2007) and using the
51 stars observed at least twice, we assess the systematics
in our sample and find a negligible bias of 0.4 ± 1.3 km s−1
and a systematic uncertainty floor of δthr = 1.8
+0.3
−0.2 km s
−1.
The heliocentric velocities of each star observed more than
once are merged into one single measurement by taking the
mean of all available quantities weighted by the inverse of
their respective velocity uncertainties. The same procedure
was followed for the equivalent widths of the Ca triplet. For
illustrative purposes, an example of spectrum of S/N ∼ 90
is shown in Figure 1.
Finally, the existence of binaries in the sample is inves-
tigated for all stars with multiple velocity measurements. To
do so, we define the quantity µ such that
µ =
vr,l − vr,m√
δ2vr,l + δ
2
vr,m + 2δ
2
thr
,
with vr,l the heliocentric velocity of a star in the mask l
(resp. for vr,m), and δvr,l the uncertainty on this measure-
ment (resp. for δvr,m). If µ is greater than 2.5, the star
is considered as a possible binary and flagged accordingly.
Two stars, observed in mask 1 and 3, are identified as bina-
ries trough this procedure, with differences in velocities of
21.46 km s−1 and 25.07 km s−1.
3 BROADBAND PHOTOMETRY ANALYSIS
We present the one square degree field centred on Sgr II
together with the spatial distribution of stars observed with
spectroscopy in Figure 2.
The colour-magnitude diagram (CMD) of all stars
within two half-light radii (rh ∼ 1.7′) of the system is shown
in the left panel of Figure 3, along with the spectroscopi-
cally observed stars. The CMD of the same areal coverage
but selected in the outskirts of the MegaCam field of view
is represented as a comparison in the middle panel. Sgr II’s
main sequence (MS) and main sequence turn-off (MSTO)
are very well defined thanks to the depth of the MegaCam
data, and corresponds to an old (> 12 Gyr) and very metal-
poor ([Fe/H] < −2.0) population. A few blue stragglers can
be seen in the satellite. Sgr II also hosts a few blue horizontal
branch stars around g0 ∼ 19.7.
The BHB stars are useful as they are good distance
tracers (Deason, Belokurov & Evans 2011, D11). First, all 12
BHBs’ g0 and r0 are calibrated onto the SDSS photometry
according to the colour equations of Tonry et al. (2012). The
median absolute magnitude of the BHBs is obtained using
equation (7) of D11 and yields Mg = 0.47±0.02 mag, yield-
ing a median distance modulus of (m−M)BHB = 19.19±0.10
mag or 68.8± 3.0 kpc.
3.1 Structural and CMD fitting
We use our MC photometry to refine the structural proper-
ties of Sgr II previously studied by L15 and M18 and deter-
mine its main stellar properties through a CMD and spatial
distribution fitting procedure. The formalism of this anal-
ysis is detailed in Martin et al. (2016a) and L18. Though
the main steps will be briefly detailed below, we refer the
reader to these two references for more details. Six structural
parameters will be inferred from our analysis: the centroid
offsets along the X and Y axes with respect to the cen-
tre coordinates of the literature, x0 and y0, in arcminutes,
the ellipticity  1, the half-light radius rh, the position an-
gle θ, and the number of stars N∗ of the satellite. These
1 The ellipticity is defined as 1 - a
b
, with a and b the major and
minor axis.
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Figure 2. Left panel: Spatial distribution of Sgr II-like stars, centred on (α0 = 298.166284027◦, δ0 = −22.89632528◦). The red
contour defines the two half-light radii (rh ∼ 1.7′) of the satellite. Right panel: Close-up on the central region, with stars observed
spectroscopically are colour-coded according to their heliocentric velocities. Filled circles represent very likely Sgr II members, while filled
triangles represent Sgr II HB stars in the spectroscopic data set.
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Figure 3. Left panel: CMD within two rh of Sgr II. Its old (> 10 Gyr) and metal-poor ([Fe/H] < -2.2) stellar population clearly
stands out. One can notice the presence of a few blue stragglers in the system around g0 ∼ 22.0, as well as Sgr II horizontal branch.
Stars observed with spectroscopy are shown with coloured circles. The filled ones represent the confirmed spectroscopic members. Filled
triangles show the location, in the CMD, of HB stars in the spectroscopic data set. The favoured isochrone for Sgr II, obtained in section
3, is shown as a solid red line (12 Gyr, [Fe/H] = −2.35 dex, α/Fe = 0 dex, m −M = 19.32 mag). Middle panel: CMD of the field for
an equivalent area. Right panel: Photometric uncertainties for the CaHK band. The grey contours show the mask used to select the
Sgr II-like population showed in the spatial distribution of Figure 2.
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structural properties are gathered in a parameter set noted
Pspac ≡ {x0, y0, , rh, θ,N∗}.
We then define the CMD parameters derived by our
CMD fitting procedure: the age of the satellite A, the sys-
temic metallicity [Fe/H]CMD, the [α/Fe] abundance ratio,
the distance modulus m −M , and η the fraction of Sgr II
stars with respect to the total number of stars in the field
chosen for the anlaysis. We regroup these properties into the
set PCMD ≡ {A, [Fe/H]CMD, [α/Fe],m−M,η}
For a given star k, we consider its following properties:
its gk and ik magnitudes, and its position offset from the
center coordinates of the literature, Xk and Yk. These four
properties are gathered into one set ~dk = {Xk, Yk, gk, ik}.
The Sgr II radial density, ρdwarf , is modelled by an ex-
ponential radial profile while the foreground contamination
is assumed constant over the field of view, i.e.
ρdwarf(r) =
1.682
2pir2h(1− )
exp(−1.68r
rh
), (1)
with r the elliptical radius, which can be expressed using
the projected sky coordinates (x, y) as
r =
(( 1
1− 
(
(x− x0) cos θ − (y − y0) sin θ
))2
+
(
(x− x0) sin θ + (y − y0) cos θ
)2)1/2
. (2)
For the k-th star, the spatial likelihood can then simply
be written as
`SgrIIsp (Xk, Yk) =
ρdwarf(r)∫
S
ρdwarf(r)dS
, (3)
where S in the area of the sky over which the analysis is
conducted.
The spatial likelihood of the Milky Way foreground con-
tamination is assumed flat, which yields
`MWsp =
1∫
dS
. (4)
The CMD likelihood function `CMD is built from the
sum of two models: one for the foreground, `MWCMD, con-
structed empirically from the field CMD, and one to describe
the Sgr II population taken as a single star population, and
called `SgrIICMD. The foreground contamination model is built
by selecting all stars outside 5rh of the system centre and
binning their distribution on the CMD. This distribution is
smoothed by a gaussian kernel in both colour and magni-
tude of a width of 0.1 in an attempt to limit the effects of
shot noise. `SgrIICMD is generated using a range of Darmouth
isochrones (Dotter et al. 2008). We choose isochrones of dif-
ferent [Fe/H]CMD, A, [α/Fe], and distance modulus m−M .
The priors on each parameters are reported in Table 1. To
build the PDF of a given stellar population, we simulate the
CMD of a population of several million stars, based on its
isochrone, luminosity function and photometric uncertainty
at a given (g0,i0). To avoid aliasing effects, especially at the
bright end of our models where the photometric uncertain-
ties are unrealistically low, we add 0.01 in quadrature to the
photometric uncertainties. Finally, each PDF is degraded
to the completeness of the data estimated by following the
method of Martin et al. (2016a). The 50 per cent complete-
ness is reached at g0 ∼ 24.2 and i0 ∼ 23.4 mag.
The structural and CMD parameters are gathered into
a single set P ≡ {A, [Fe/H], [α/Fe], µ, , rh, x0, y0, θ, η}. At
the distance of Sgr II, the tip of the Red Giant Branch
(RGB) tip is expected to be at g0 ∼ 17.0. Furthermore,
misidentified background galaxies start to pollute our pho-
tometry below g0 ∼ 25.0. The fit does not take into account
the horizontal branch stars as these are poorly modelled
by the theoretical stellar population models. Therefore, the
analysis is restricted in a specific CMD box defined with the
following cuts: −0.2 < g0 − i0 < 1.2 and 17.0 < g0 < 25.0.
CMD and spatial properties are fitted at the same time
through our own Markov Chain Monte Carlo (Hastings 1970,
MCMC) algorithm by maximising the likelihood of the fol-
lowing model:
Ltot =
N∑
k=1
`tot( ~dk|P) = η`SgrII( ~dk|P)+(1−η)`MW( ~dk), (5)
with
`SgrII( ~dk|P) = `SgrIICMD(gk, ik|PCMD)`SgrIIsp (Xk, Yk|Pspac),(6)
`MW = `
MW
CMD(gk, ik)`
MW
sp (Xk, Yk). (7)
Finally, the distance to Sgr II is constrained using a
Gaussian prior based on the distance modulus derived from
the median absolute magnitude of the BHBs in the first
paragraph of section 3 (m − M = 19.19 ± 0.10 mag). A
Gaussian prior on the metallicity of the satellite is also ap-
plied and comes directly from the combination of the spec-
troscopic and CaHK metallicity measurements detailed in
the sections 4 and 5 respectively ([Fe/H]SgrII = −2.28±0.03
dex). The inference of each parameter of P is summed up in
Table 1, and the 2D PDFs are shown in Figure 4.
The best-fit isochrone is shown as the red PDFs in Fig-
ure 4. Sgr II is found to be significantly old and metal-
poor with an age of 12.0 ± 0.5 Gyr population along with
a systemic metallicity of −2.35 ± 0.05 dex. Furthermore,
the alpha abundance of this isochrone is solar ([α/Fe] =
0.0), though we caution the reader about reading too much
into this parameter given the roughness of the [α/Fe] abun-
dance ratio grid. Finally, the favoured distance modulus is
µ = 19.32+0.03−0.02 mag, and corresponds to a physical distance
of 73.1+1.1−0.7 kpc. We compare these results by performing
the fit without the BHBs or the spectroscopic metallicity
priors. For this case, the PDFs are shown in black in Figure
4. The inferences of all the parameters are compatible: the
stellar population is here found to be older (12.5± 0.5 Gyr),
more metal-poor ([Fe/H] − 2.45, at the lower edge of the
metallicity grid) and with a distance modulus of m − M
= 19.35 ± 0.05 mag. All structural properties are perfectly
compatible with L15 and M18: Sgr II is consistent with be-
ing spherical ( < 0.12 at the 95% CL) and has a size of
rh = 1.70± 0.05 arcminutes, translating into a physical size
of 35.5 +1.4−1.2 pc. All the main properties of Sgr II are sum-
marised in Table 1.
Finally, we investigate the presence of RR Lyrae in
the field by cross-identifying the PS1 RR Lyrae catalog of
c© 0000 RAS, MNRAS 000, 000–000
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Table 1. Properties of Sgr II.
Parameter Unit Prior Favoured model Uncertainties
Right ascension (ICRS) α degrees — 298.166284027 ±0.0008
Declination (ICRS) δ degrees — −22.89632528 ±0.0008
l degrees — 18.93203283 ±0.0008
b degrees — −22.89360512 ±0.0008
rh arcmin > 0 1.7 ±0.05
rh pc 35.5
+1.4
−1.2
θ degrees [0,180] 103 +28−17
 — [0, 1] 0.0 < 0.12 at the 95% CL
Distance modulus mag [18.90,19.45] 19.32 +0.03−0.02
Distance kpc 73.1 +1.1−0.7
A Gyr [9,13.5] 12.0 ± 0.5
[Fe/H] dex [-2.4,-1.5] −2.28 ± 0.03
[α/Fe] dex [-0.2,0.6] 0.0 ±0.2
log(Luminosity) — > 0 4.20 ±0.1
MV mag — -5.7 ± 0.1
µ0 mag arcsec−2 — 24.7 ±0.15
< vr > km s−1 — −177.3 ±1.2
σvr km s−1 > 0 2.7 +1.3−1.0
µ∗α mas yr−1 — −0.65 +0.08−0.10
µδ mas yr
−1 — −0.88 ±0.12
Apocenter kpc — 118.4 +28.4−23.7
Pericenter kpc — 54.8 +3.3−6.1
orbit — > 0 0.44 ±0.01
U km s−1 — 0.4 +14.1−19.5
V km s−1 — −366.5 +27.3−42.8
W km s−1 — 160.3 +26.3−19.9
Lz km s−1 kpc — 6292 +2236−1899
E km2 s−2 — 17159 +10213−3120
Sesar et al. (2017) with our photometry. Three RRLyrae
are found in the vicinity of Sgr II. Two of these have sim-
ilar distance modulii, as inferred from Sesar et al. (2017)
(18.73 and 18.85 mag). However, the resulting distances are
discrepant from both our BHB and CMD fitting analyses
by 0.5 mag (roughly 10 kpc in physical distance). To con-
firm the distance modulus of Sgr II, we compare the CMD
of the satellite with fiducials of MW globular clusters in
PS1 (Bernard et al. 2014) in Figure 5. In this plot, all fidu-
cials are deredenned and their distance modulii are corrected
to correspond to our favoured model for Sgr II (m − M
= 19.32± 0.03 mag). The most metal-poor fiducials are un-
doubtedly the ones that better reproduce the features of the
CMD of Sgr II, including the HB. Shifting the fiducials to the
distance of the two RR Lyrae in the field would allow Sgr II
features to be best reproduced by the more metal-rich fidu-
cials in green. However, Sgr II’s metallicity is clearly lower
than that as shown by our CMD fitting as well as the spec-
troscopic and CaHK analyses respectively in section 4 and
5. Therefore, the distance implied by the two RR Lyrae is
clearly not that of Sgr II. A plausible origin for these two
stars might just be the Sgr stream, as shown in section 6.
3.2 Luminosity
The luminosity, absolute magnitude, and surface brightness
of Sgr II are derived using the formalism of Martin et al.
(2016a). The first step consists of drawing a set of param-
eters denoted j from the final multi-dimensional PDF ob-
tained through the analysis of section 3.1. These parame-
ters are the number of stars N∗j , an age Aj , the metallic-
ity [Fe/H]CMDj , the alpha abundance ratio [α/Fe]j , and the
distance modulus (m−M)j . A CMD of the j-th stellar pop-
ulation is then simulated; for each simulated star, we ensure
that its location in the colour-magnitude diagram falls in
the CMD box used to perform the structural and CMD fit
(−0.2 < g0 − i0 < 1.2 and 17.0 < g0 < 25.0). Further-
more, a completeness test is performed: the completeness of
the survey is first estimated at the colour and magnitude
of the simulated star. Then, two random numbers a and b
between 0 and 1 are drawn: if the completenesses of the star
in both g and i is greater than these numbers, it is flagged.
When the number of flagged stars reaches N∗j , the fluxes of
all simulated stars, flagged or not, are summed, which gives
the luminosity Lj of the satellite for the j-th iteration. This
procedure is repeated a thousand times in order to have vi-
sually pleasant PDFs.
The 1D marginalised PDFs of Sgr II’s luminosity and
absolute magnitude MV are represented in Figure 6. The
final favoured parameters are reported in Table 1. The lu-
minosity of the satellite is found to be log(LV ) = 4.2± 0.1.
This measurement is in agreement with both L15 and M18 (
log(LV ) = 4.1±0.1). Finally, we obtain a surface brightness
of S0 = 24.7± 0.15 mag arcsec−2.
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Figure 4. One and two-dimensional PDFs of the structural and CMD properties of Sgr II, inferred using the method described in section
3.1. Red lines correspond to the favoured inference, using both the distance prior based on BHBs and the metallicity prior from the
spectroscopy, while the black contours show the case without any prior. These contours are defined as the usual 1, 2 and 3σ confidence
intervals in the 2D, gaussian case.
4 NARROW-BAND CAHK PHOTOMETRY
ANALYSIS
The CaHK photometry can be used to estimate the metal-
licity of Sgr II and its metallicity dispersion. The photo-
metric metallicity of each star from (CaHK0,g0,i0) can be
estimated using the model detailed in Starkenburg et al.
(2017). Pristine observations are shallower than our broad-
band g and i photometry (right panel of Figure 3) and there-
fore can only be used to estimate the photometric metallic-
ity [Fe/H]CaHK of stars in our field down to g0 ∼ 23 mag.
Starkenburg et al. (2017) show that the Pristine metallici-
ties are slightly biased low as we go toward the metal-poor
end of the calibration model. Therefore, we repeat the pro-
cedure presented in L18 and we first correct for this effect
by binning in metallicity the sample used by Starkenburg
et al. (2017), which provides both the SDSS spectroscopic
metallicity and the Pristine photometric metallicity for sev-
eral thousands stars. For each bin, the median difference
between the SDSS and Pristine metallicities is computed.
This procedure yields the bias as a function of the photo-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 5. CMD within two half-light radii of Sgr II overplotted
with the fiducials of MW globular clusters from Bernard et al.
(2014). Stars with a Sgr II membership probability greater than
ten per cent are shown as red circles. Spectroscopically confirmed
members of Sgr II are shown as yellow diamonds. The fiducials
are separated in metallicity bins, from the most metal-poor in
dark blue to the most metal-rich available in orange, and shifted
to the favoured distance modulus 19.32 found for Sgr II.
metric metallicity, which is used to correct our whole Sgr II
metallicity catalog. All stars with [Fe/H]CaHK < −4.0 or
[Fe/H]CaHK > −1.0 are discarded as our Pristine model is
not reliable for those stars (Youakim et al. 2017). This choice
does not affect the analysis as the systemic metallicity of
Sgr II is well within this range. Stars with a large uncer-
tainty in the CaHK photometry (δCaHK > 0.1) are rejected.
All remaining stars within 2rh are selected and their photo-
metric metallicity distribution function (MDF) is shown in
Figure 7 with the solid red line. The distribution of all field
stars within 5rh < r < 12rh is shown as the black dashed
line for comparison.
Sgr II stars in red stand out clearly in Figure 7 as
they form a pronounced peak around [Fe/H]CaHK ∼ −2.3
dex that does not exist in the MDF of the field stars in
black. To derive Sgr II’s metallicity properties, we assume
that the population encapsulated inside 2rh (correspond-
ing to 206 stars) in Figure 7 can be modelled as the sum
of the foreground MDF and a normally distributed photo-
metric metallicity population associated with Sgr II stars.
This assumption seems legitimate as the metallicity distri-
bution at the metal-rich end of the red histogram in Figure
7 overlaps well with the black distribution, thus implying
that the underlying foreground contamination MDF is com-
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Figure 6. PDFs of the Sgr II luminosity and absolute magnitude.
The favoured luminosity of the satellite is log(LV ) = 4.2 ± 0.1,
corresponding to an absolute magnitude of MV = −5.7±0.1 mag.
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Figure 7. Normalised distribution of Pristine photometric metal-
licities for all stars within 2rh (solid red line). The same histogram
is also shown for all field stars, i.e. stars outside 5rh (black dashed
line). Sgr II clearly peaks at [Fe/H]CaHK ∼ −2.3 dex, while no
such overdensity exists for the field distribution.
parable over the field of view. The Sgr II stellar popula-
tion metallicity distribution is assumed to be normally dis-
tributed, with a mean [Fe/H]SgrIICaHK and a standard deviation
of σ =
√
(δ[Fe/H]CaHKk )
2 + (σCaHK[Fe/H])
2 with σCaHK[Fe/H] being the
intrinsic metallicity dispersion of Sgr II and δ[Fe/H]CaHKk
the uncertainty on the photometric metallicity of the k-
th star. The likelihood model for the MW contamination
stars is built by interpolating the [Fe/H]CaHK MDF of all
stars outside 5rh. This model is then smoothed by a gaus-
sian kernel of 0.2 dex to account for poor statistics in some
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Figure 8. Two-dimensional joint PDFs of the systemic metallic-
ity and dispersion for Sgr II using the photometric CaHK metal-
licities (black) and the individual spectroscopic metallicities of
member stars (grey). These two independent measurements are
combined to give the final PDF shown as the dashed red line.
The contours represent the 39, 88 and 95 % volume intervals.
The associated one-dimensional marginalised PDFs for all cases
are shown in the upper and right panels. Both methods are in
agreement and shows that Sgr II has a small but measurable
metallicity dispersion.
metallicity bins. The fit is performed through a MCMC al-
gorithm, and we marginalise over the foreground contami-
nation model. At each iteration, we randomly draw a photo-
metric metallicity for all stars in the contamination subsam-
ple, according to their individual photometric metallicity
uncertainties. Then, the procedure to build the foreground
contamination model described above is repeated. In doing
so, the analysis takes into account the overall uncertainty of
the contamination MDF.
The 39, 88 and 95 % volume intervals on the final 2D
posterior PDF, corresponding to the 1,2 and 3σ confidence
levels for the 2D gaussian case, are shown in black solid line
in Figure 8. We measure a significant, non-zero metallicity
spread in Sgr II, with σsgr[Fe/H] = 0.11
+0.05
−0.03 dex and to be
particularly metal-poor ([Fe/H]SgrIICaHK = −2.32 ± 0.04 dex),
in agreement with the stellar population inferred through
the CMD fitting. To ensure that this inference is not caused
by any systematic effect, the same analysis was done in
L18 with two metal-poor globular clusters in the Pristine
footprint, M92 ans M15. The systemic metallicities of both
clusters were found to be compatible with their previous
estimates using spectroscopic data. Furthermore, their
metallicity dispersions were unresolved, in agreement with
previous studies, showing that the technique does not seem
to be affected by a systematic effect.
5 SPECTROSCOPIC ANALYSIS
5.1 Velocity properties
The systemic velocity and velocity dispersion are derived
using the deep spectroscopic observations of the system. The
heliocentric velocity distributions of each mask separately
are summarised in the top three panels of Figure 9, and are
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Figure 9. Heliocentric velocity histograms for the three spec-
troscopic samples. The fourth panel shows the merging of all
samples. The grey histograms show the number of stars with a
non-reliable photometric metallicity measurement in our sample
that therefore cannot be filtered out by our technique. The peak
of Sgr II stars around −177 km s−1 is pronounced and the disc
contamination, from 0 to −100 km s−1, is also quite populated.
The last panel shows the final spectroscopic catalog filtered from
“metal-rich” stars using photometric metallicities based on our
CaHK photometry. For stars with reliable photometric metallic-
ities, the ones with −4.0 < [Fe/H]CaHK < −1.6, i.e. compatible
with Sgr II metallicity properties measured in section 3 and 5,
are selected, while the others are discarded. Stars with mediocre
quality CaHK measurement or [Fe/H]CaHK uncertainties are not
discarded as their [Fe/H]CaHK is not reliable. The disc and halo
contamination is notably reduced, and one star located in the
Sgr II velocity peak is identified as a contaminant and removed
from the sample.
combined to obtain one single velocity distribution shown in
the fourth panel of the same figure. We present the radial
distance of each star with respect to their radial velocities
in Figure 10. The full dataset is detailed in Table 2.
The velocity peak of Sgr II stands out at around
−177 km s−1 while contaminating MW stars are distributed
sparsely all over the velocity space, and in particular can be
located in the vicinity of the Sgr II velocity peak. Because
of the small number of stars in the Sgr II population, the
velocity properties can be polluted by the contamination.
Ideally, those stars would have to be identified and discarded
from the spectroscopic sample. Sgr II is an old and metal-
poor system as suggested by its CMD, and confirmed in
section 3, 4 and 5, whereas the contaminating foreground is
expected to be more metal-rich overall. Therefore, the con-
tamination stars could be discarded based on their metallic-
ities. Even though the individual [Fe/H] are only accessible
for the brightest stars in our sample in our spectroscopic
sample, the Pristine CaHK photometry can be used here.
The Pristine colour-colour diagram is shown in Figure
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Figure 10. Bottom right panel: Radial distances to the center
of Sgr II with respect to the heliocentric velocities. Open cir-
cles represent stars that are metal-poor using their photometric
metallicities, or stars with non-reliable photometric metallicity
measurements. Black-filled dots represent member stars. Bottom
left panel: Spectroscopic metallicities with respect to the helio-
centric velocities of all stars from the final spectroscopic data
set with S/N >= 12. Top panel: Two-dimensional joint PDF
of the systemic spectroscopic metallicity and metallicity disper-
sion. The contours represent the local 39%, 88% and 95% volume
intervals. Sgr II comes out as a very metal-poor satellite, with
[Fe/H]spectro = −2.23±0.05 dex, and seems chemically enriched:
σspectro
[Fe/H]
= 0.10+0.06−0.04 dex.
11. Field stars, i.e. a randomly selected sample of all stars
outside five half-light radii, are represented in small black
dots and form a clear stellar locus. This diagram is con-
structed so that the individual metallicity of a given star
decreases from the bottom right to the top left, while more
metal-rich stars occupy the lower part of this colour-colour
space. Stars observed with spectroscopy are colour-coded ac-
cording to their heliocentric velocities, provided they pass
the following CaHK photometry and [Fe/H]CaHK quality
cuts: ∆[Fe/H]CaHK < 0.5 and δCaHK < 0.1. Stars that do
not match these criteria are not discarded from the final
spectroscopic sample, whether they are more metal-rich or
not in the model, as our goal here is to select only stars
for which the CaHK photometry is reliable enough to en-
sure their metal-poor nature. In section 4, we found that
Sagittarius II has a systemic metallicity of [Fe/H]SgrIICaHK =
−2.32 ± 0.04 dex and has a resolved metallicity dispersion.
Therefore, within the subsample of stars that passed the
CaHK photometry cuts discussed above, we choose to select
only stars with −4.0 < [Fe/H]CaHK < −1.6, as a Sgr II-like
system would likely have a star formation history too short
to produce significantly more metal-rich stars. The region
of the diagram that corresponds to such a metallicity cut
is represented by the two iso-metallicity sequences in green
and red dashed lines in Figure 11. Two cuts in (g − i)0 are
also applied in order to discard potential white dwarfs and
metal-rich stars. The final spectroscopic velocity distribu-
tion is shown in the last panel of Figure 9. A significant
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Figure 11. Pristine colour-colour diagram: the (g − i)0 colour
is represented on the x-axis, while the metallicity information is
carried by the (CaHK − g)0 − 1.5 ∗ (g− i)0 colour on the y-axis.
Grey dots stand for all field stars in a range between 5 and 8
half-light radii to Sgr II. Most of them are halo and disc stars
and form a stellar locus of more metal-rich stars ([Fe/H]CaHK
∼ 1 or above). Stars observed with spectroscopy are represented
with circles colour-coded according to their heliocentric veloci-
ties. Among those, filled circles show the stars identified as spec-
troscopic members, while filled triangles stand for the HB stars
in the spectroscopic data set. Above the grey stellar locus are
located stars that become more and more metal-poor as we go
towards the upper part of the diagram. Two iso-metallicity se-
quences are shown in red and green dashed lines, corresponding
respectively to a photometric metallicity of [Fe/H]CaHK ∼ -1.6
and [Fe/H]CaHK ∼ -4.0. As expected, most of the stars in cyan,
with a radial velocity compatible with Sgr II, are located in the
metal-poor region enclaved by those two sequences. Hence, only
stars within this region are selected for the final spectroscopic
sample. Furthermore, we add a criteria on (g− i)0 and discard all
stars between 0.2 < (g − i)0 < 1.2 in order to discard potential
foreground white dwarfs.
number of MW stars with a reliable Pristine photometric
metallicity measurements are cleaned out from the catalog
as their metallicities are too high to be members of Sgr II,
even if the satellite has a metallicity spread. In particular,
one star in the immediate vicinity of the Sgr II velocity peak
is identified as a more metal-rich contaminants using this
technique ([Fe/H]CaHK = −1.11 ± 0.25 dex) and therefore
discarded.
The resulting velocity distribution is assumed to be the
sum of three normally distributed populations: one for Sgr II
stars, and two others corresponding to the MW foreground
disc and halo stars. Each individual likelihood is weighted by
its CMD and structural probability membership determined
in section 5. One can write the individual likelihood of the
k-th star as
L(〈vSgrII〉, σv, 〈vMWd〉, σvd, 〈vMWh〉, σvh|{vr,k, δv,k}) = (8)∏
k
((1− ηMWd − ηMWh)PmemG({vr,k}|〈vSgrII〉, σv)
+ (1− Pmem)(ηMWdG({vr,k}|〈vMWd〉, σvd)
+ ηMWhG({vr,k}|〈vMWh〉, σvh))),
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Figure 12. Marginalised PDFs for the systemic velocity (left)
and its associated dispersion (right) for Sgr II. The satellite is
found to be dynamically cold: the velocity dispersion is only
marginally resolved: σvr = 2.7
+1.3
−1.0 km s
−1, reaching 6.5 km s−1
at the 95% confidence level.
with σv =
√
(σSgrIIv )2 + δ2v,k + δthr,i and δv,k the individ-
ual velocity uncertainty of the k-th star, σSgrIIv the intrin-
sic velocity dispersion, δthr the systematic threshold de-
rived in section 2.2. 〈vSgrII〉 is the systemic velocity of
Sgr II. ηMWd and ηMWh are the fractions of stars respec-
tively in the MW disc and halo populations. σvd is defined
as σvd =
√
(σMWdv )2 + δ
2
v,k + δthr,i, with σ
MWd
v the intrinsic
velocity dispersion of the disc population. The correspond-
ing quantity for the halo population is written σvh, while
〈vMWd〉 is the systemic velocity of the disc population in the
sample (resp. for the halo population). G is the usual one-
dimensional normal distribution. We run a MCMC analysis
and show the resulting marginalised 1D PDFs in Figure 12.
At each iteration of the MCMC, the systematic threshold
δthr is randomly drawn from its PDF. The favoured systemic
velocity is 〈vSgrII〉 = −177.3± 1.2 km s−1. The velocity dis-
persion of Sgr II is σSgrIIv = 2.7
+1.3
−1.0 km s
−1, reaching 6.5 km
s−1 at the 95% confidence interval, thus showing that Sagit-
tarius II is a dynamically cold satellite. A similar analysis
was performed for the inner (r < 1 arcmin) and outer (r >
1 arcmin) regions and no statistical difference in terms of
velocity dispersion was found.
5.2 Metallicity properties
To infer the metallicity properties of Sgr II from the spec-
trocopy, we create a subsample constituted of stars brighter
than i0 = 20.5 and a S/N ratio above 12 from our final spec-
troscopic sample, for a total of 26 stars. The spectroscopic
metallicity is estimated using the calibration from Starken-
burg et al. (2010) based on the Ca triplet. This method is
originally calibrated for RGB stars, however, Leaman et al.
(2013) showed that it can applied to stars up to two mag-
nitudes fainter (see also Carrera et al. 2013). The resulting
sample consists of six member stars, for which the individ-
ual spectroscopic metallicities are reported in Table 2 under
“Fe/H]spectro”. The distribution of spectroscopic metallici-
ties with respect to the radial velocity is shown in the bot-
tom left panel of Figure 10, and shows the existence of a
clump of stars at around [Fe/H]spectro ∼ −2.3 dex at the
velocity of Sgr II.
To derive the systemic metallicity and metallicity dis-
persion of Sgr II, we assume that the spectroscopic metallic-
ity of Sgr II stars are normally distributed and weigh each
star with its CMD and structural probability membership,
giving the following likelihood function
L(〈[Fe/H]spectro〉, σ[Fe/H]|{[Fe/H]spectro,k, δ[Fe/H],k) = (9)
Pmem G([Fe/H]spectro,k, δ[Fe/H],k|〈[Fe/H]spectro〉, σ[Fe/H]})
with σ[Fe/H] =
√
δ2[Fe/H],k + (σ
sgr
[Fe/H])
2, δ[Fe/H],k being the
individual uncertainty on the spectroscopic metallicity of
the k-th star, and σsgr[Fe/H] the intrisic metallicity dispersion
of Sagittarius II. The 39, 88 and and 95 % volume inter-
vals are represented by black solid lines on the resulting
2D probability distribution functions (PDF) in the top left
panel of Figure 10. Sgr II is confirmed to be metal-poor, with
[Fe/H]SgrIIspectro = -2.23 ± 0.05 dex. Moreover, we find a metal-
licity dispersion of σ
[Fe/H]
spectro = 0.10
+0.06
−0.04 dex. This spread in
metallicity is driven by the two brightest stars identified as
members of Sgr II, for which the spectroscopic metallicity
is accurately measured. They have respectively a spectro-
scopic metallicity of −2.27± 0.04 dex and −2.10± 0.04 dex.
Furthermore, since they are among the stars that were ob-
served multiple times in our catalog, it is possible to in-
fer their individual spectroscopic metallicities using the Ca
triplet equivalent widths of each run separately. For both
stars, the metallicities obtained from each spectroscopic run
in which they were observed are consistent with one an-
other, suggesting that their final [Fe/H] are not driven by
one spurious equivalent widths measurement in one of the
three spectroscopic samples. In addition with being consis-
tent with the CMD of Sgr II and its systemic velocity, the
two stars are also remarkably compatible with the satellite’s
proper motion inferred in section 6. Taken all together, we
favour the fact that these two stars are indeed members of
Sgr II, and there is more than one stellar population in the
system.
The two independent measurements of the metallicity
and dispersion of the satellite, using the CaHK observations
on the one hand and the spectra on the other, are perfectly
compatible. The results of both methods are then combined
into one single measurement by performing the product of
the two 2D joint PDFs. We show the corresponding 39, 88
and 95 % volume intervals in red thick line in Figure 8. This
final measurement yields a systemic metallicity of [Fe/H]SgrII
= -2.28 ± 0.03 dex and a metallicity dispersion of σSgrII[Fe/H] =
0.12+0.03−0.02 dex.
6 GAIA DR2 PROPER MOTIONS AND ORBIT
To infer the orbit of Sgr II, we first build a sample of Sgr II-
like population based on the mask shown in the right panel
of Figure 3. The proper motions of those stars are retrieved
c© 0000 RAS, MNRAS 000, 000–000
12 N. Longeard et al.
-4 -3 -2 -1 0 1 2 3 4
µSgrIIα ·  cos(δSgrII) (mas/yr)
-4
-3
-2
-1
0
1
2
µ
S
g
rI
I
δ
 (m
as
/y
r)
0.0
0.5
1.0
PM
 m
em
bership probability
Figure 13. Distribution of the proper motions of MW contam-
ination stars in small grey dots, and our Sgr II-like population
shown with dots colour-coded according to their proper motion
membership probability, derived from a gaussian mixture model.
The seven Sgr II members with a proper motion measurement in
Gaia are represented with diamonds and the twelve HB stars with
triangles. The systemic proper motion of Sgr II (µ∗α = −0.65+0.08−0.10
mas.yr−1, µδ = −0.88±0.12 mas.yr−1) is represented with a large
red dot.
from the Gaia Data Release 2 (Gaia Collaboration et al.
2018). All member stars identified with spectroscopy and
bright enough to have a proper motion measurement in Gaia
are naturally present in this sample. Furthermore, the Gaia
DR2 data are also cross-matched with the potential HB stars
within two half-light radii of the satellite. Twelve HB stars
have a proper motion measurement in Gaia and are added
to the sample shown in Figure 13.
The inference of the Sgr II proper motion is performed
with a gaussian mixture model. We assume that the sam-
ple can be modelled by the sum of two bivariate gaus-
sians: one for the Sgr II population and another for the
foreground MW contamination. The sets of parameters in-
ferred from the analysis are composed of the proper mo-
tions in both directions, their dispersions and correlation c,
for Sgr II (PSgrII = 〈µ∗α,SgrII〉,〈µδ,SgrII〉,σ1,σ2,cSgrII) and for
the contamination (PMW = 〈µ∗α,MW〉,〈µδ,MW〉,σ3,σ4,cMW).
The proper motion properties of the k-th star are defined
as ~dk = {µ∗α,k, µδ,k, δµ∗α,k, δµδ,k} with δµ∗α,k the uncertainty
on the proper motion in the RA direction (respectively for
DEC). The individual likelihood is
L(PSgrII,PMW| ~dk) =
∏
k
ηPmemMG( ~dk|PSgrII,PMW) (10)
+ (1− η)(1− Pmem)MG( ~dk|PSgrII,PMW),
whereMG is a two-dimensional gaussian and η the fraction
of Sgr II stars in the sample.
The gaussian mixture model gives a systemic proper
motion of µ∗,SgrIIα = −0.65+0.08−0.10 mas yr−1 and µSgrIIδ =
−0.88 ± 0.12 mas yr−1 for Sgr II. These proper motions
take into account the systematic error on the one for dSph
derived by Gaia Collaboration et al. (2018b). We also in-
ferred the proper motion of the system using the HB and
spectroscopic member stars only, and found a compatible
result with (µ∗α,µδ) = (−0.55±0.13,−0.80±0.08) mas yr−1.
Our estimate is discrepant from the one of Massari
& Helmi (2018) who find a proper motion of (µ∗α,µδ) =
(−1.18 ± 0.14,−1.14 ± 0.11) mas yr−1. They rely on the
convergence of the astrometric parameters through a 2.5σ
clipping procedure, with an initial guess on those parame-
ters based on the potential HB stars of Sgr II. However, our
measurement based only on HB and spectroscopic member
stars gives credit to the proper motion found in this work,
and disfavours the estimate of the work of Massari & Helmi
(2018), which might be biased by the foreground contami-
nation.
The orbit of the satellite can then be inferred using
the GALPY package (Bovy 2015). The MW potential cho-
sen to integrate the orbit is a modified “MWPotential14”
constituted of three main components: a power-law, expo-
nentially cut-off bulge, a Miyamoto-Nagai Disc, and a NFW
DM halo with a virial mass of 1.2 × 1012 M. Further de-
tails about this MW potential model can be found in Bovy
(2015). We integrate 2000 orbits backwards and forwards,
each time by randomly drawing a position, distance, radial
velocity and proper motions from their respective PDFs,
and extract for each realisation the pericenter, apocenter
and ellipticity. Each orbit is shot over 2 Gyr. The favoured
orbit (i.e. the favoured position, distance, radial velocity and
PMs) is shown in Figure 14 in the X-Y, X-Z and Y-Z planes,
along with the Sgr stream. Twenty other random realisations
of Sgr II orbits are also shown in grey, partially transparent
lines.
The analysis yields a pericenter of 54.8+3.3−6.1 kpc, an
apocenter of 118.4+28.4−23.7 kpc and an orbital ellipticity of
0.44 ± 0.01. Moreover, Figure 14 shows that the orbit of
Sgr II is compatible with the trailing arm of the Sgr stream,
despite being slightly tilted from it, especially in the Y di-
rection.
7 DISCUSSION
We used deep MegaCam broadband photometry, the
narrow-band CaHK Pristine survey and DEIMOS spec-
troscopy to conduct a thorough study of the Milky Way
satellite Sgr II. By performing a CMD and structural anal-
ysis, the satellite is found to have a size of 35.5 +1.4−1.2 pc, and
is located at 73.1+1.1−0.7 kpc based on the combination of BHB
stars distances and a CMD fitting procedure. The favoured
stellar population is old (12.0 ± 0.5 Gyr) and metal-poor.
Using our spectroscopic catalog, we are able to find the sys-
temic velocity of Sgr II to be 〈vSgrII〉 = −177.3±1.3 km s−1.
The velocity dispersion yields σsgrv = 2.7
+1.3
−1.0 km s
−1 and
is < 6.5 km s−1 at the 95% confidence interval. From this
spectroscopic analysis, 22 stars are identified as members
of the satellite and reported in Table 2. The individual
photometric metallicities provided by the Pristine survey
are used to show that Sgr II is a very metal-poor system,
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Figure 14. Projections of the orbit of Sgr II on the X-Y, X-Z and Y-Z planes backwards and forwards over 2.0 Gyr. Twenty-one orbits
are shown here: the one based on the favoured position, distance, radial velocity and PMs of the satellite (as the thick, darker grey line),
and twenty others using random realisations of those parameters (as thin, slightly transparent grey lines). The red circle is the current
position of Sgr II, while the magenta triangle is the one of the Sgr dSph. A N-body simulation of the trailing arm of the Sgr stream (Law
& Majewski 2010) is shown in green. The MW disk is shown in black, with a chosen radius of 15 kpc.
with [Fe/H]SgrIICaHK = −2.32 ± 0.04 dex, and has a resolved
metallicity dispersion: σCaHK[Fe/H] = 0.11
+0.05
−0.03 dex. These two
chemical properties are perfectly supported by our spec-
troscopic analysis of six RGB stars. We applied the Ca
triplet calibration from Starkenburg et al. (2010) to derive
Sgr II spectroscopic metallicity and its associated dispersion:
[Fe/H]SgrIIspectro = −2.23 ± −0.08 dex and σCaHK[Fe/H] = 0.10+0.06−0.04
dex. Combining the CaHK and spectroscopic measurements,
we obtain refined estimates of both parameters: [Fe/H]SgrII
= −2.28 ± 0.04 dex and σSgrII[Fe/H] = 0.12+0.03−0.02 dex. Finally,
using the Gaia DR2 data, the proper motion of Sgr II is in-
ferred to be (µ∗α,µδ) = (−0.65+0.08−0.10,−0.88± 0.12) mas yr−1.
This yields an apocenter and pericenter of 118.4+28.4−23.7 and
54.8+3.3−6.1 kpc respectively.
Sgr II is in perfect agreement with the luminosity-
metallicity relations for dwarf galaxies (Kirby et al. 2013),
as it is shown in the top left panel of Figure 15. Sgr II is how-
ever somewhat of an outlier in the rh–MV plane (bottom-left
panel of Figure 15), which led M18 to conclude that Sgr II
is a globular cluster. However, the locus of dwarf galaxies in
this plane becomes uncertain at low luminosities. The satel-
lite is still more extended than the vast majority of MW
globular clusters as shown in the bottom left panel of Fig-
ure 15, although two of them have a comparable size: Crater
(Belokurov et al. 2014; Laevens et al. 2014) and Terzan 5
(Terzan 1968). These two extended clusters do not, however,
share the same metallicity properties as Sgr II: Terzan 5 is a
bulge cluster with [Fe/H] > −0.5 and Crater is more metal-
rich with a systemic metallicity of [Fe/H] ∼ −1.65 (Weisz
et al. 2016). Our two estimates of the metallicity disper-
sion of Sgr II both yield similar results and suggest that
the satellite was able to retain its gas and form successive
generation of stars, thus suggesting the presence of a dark
matter halo (Willman & Strader 2012). However, this re-
sult is driven by two bright RGB stars that have discrepant
metallicity measurements. If one of the two were misidenti-
fied as a Sgr II member, the claim of a metallicity dispersion
would be weaker.
The question of the dynamical mass of Sgr II remains
open. We can use the relation of Walker et al. (2009) to
estimate the expected velocity dispersion of a purely bary-
onic system. Assuming a mass-to-light ratio of 2 for an
old and metal-poor stellar population (McLaughlin & van
der Marel 2005), Sgr II would have a velocity dispersion of
∼ 1 km s−1, which is not incompatible with our inference
of σvr = 2.7
+1.3
−1.0 km s
−1. Nevertheless, taken at face value,
our velocity dispersion measurement implies that Sgr II has
a dynamical mass-to-light ratio of 9.5+14.8−9.5 M L
−1 and
favours a slightly DM-dominated system under the usual
assumption of dynamical equilibrium and sphericity. If this
is confirmed, it would mean that Sgr II inhabits one of the
lowest mass DM subhalo. Alternatively, this result could be
driven by the compactness of the satellite, whose stars only
probe the inner parts of the subhalo.
Taken together, these two pieces of evidence (marginally
resolved metallicity dispersion and plausibly non-baryonic
M/L) would indicate that Sgr II is more likely a dwarf galaxy
rather than a cluster.
Before the submission of this work, a spectroscopic
study of Sgr II was presented at the AAS iPoster2 session
(Simon et al. 2019). Using Magellan/IMACS spectroscopy,
they found a systemic velocity and metallicity compati-
ble to the ones in this work: 〈vr〉 = −177.3 ± 0.7 km s−1
and 〈[Fe/H]〉 = −2.28 dex. Their velocity dispersion is
also consistent with ours: σvr = 1.6 ± 0.3 km s−1. Fi-
nally, the proper motion they derive for Sgr II ((µ∗α,µδ) =
(−0.63+0.08−0.10,−0.89±0.06) mas yr−1) is also compatible with
our work. However, they estimate a very low metallicity dis-
persion, with σ[Fe/H] < 0.08 dex at the 95 per cent confi-
dence limit. Therefore, they conclude that the satellite is a
globular cluster. Once the two data sets are made public, a
thorough investigation is needed to understand the source
2 <https://aas233-aas.ipostersessions.com/default.aspx?
s=E7-10-7C-92-5D-B1-84-24-1F-B5-07-1A-BF-2E-10-65>
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Figure 15. Comparison of Sgr II with other GCs and dwarf galaxies of the Milky Way. Squares represent dwarf galaxies while circles
represent globular clusters, and the diamond corresponds to Dra II. Triangles stand for recently discovered dwarf-galaxy candidates that
await confirmation. Hollow markers correspond to systems for which no metallicity dispersion measurement can be found in the literature.
The solid line in the top-left panel corresponds to the luminosity-metallicity relation of Kirby et al. (2013) for dwarf spheroidals and
dwarf irregulars. Dashed lines represent the RMS about this relation, also taken from Kirby et al. (2013). Among the 123 globular clusters
presented here, the properties of 116 were extracted from Harris (1996) catalog, revised in 2010. For the remaining ones (Kim 1, Kim 2,
Kim 3, Laevens 1, Balbinot 1, Munoz 1 and SMASH 1) parameters of the discovery publications were used (Kim & Jerjen (2015), Kim
et al. (2015), Kim et al. (2016), Laevens et al. (2014), Balbinot et al. (2013), Mun˜oz et al. (2012) and Martin et al. (2016b)). Globular
cluster metallicity spread measurements are taken from Willman & Strader (2012) and references therein: Carretta et al. (2006, 2007,
2009, 2011), Cohen et al. (2010), Gratton et al. (2007), Johnson & Pilachowski (2010), and Marino et al. (2011). McConnachie (2012) and
Willman & Strader (2012) are used to compile the properties of the dwarf galaxies represented here. The 18 dwarf galaxies represented
here are: Bootes I (Belokurov et al. 2006; Norris et al. 2010), Canes Venatici I (Zucker et al. 2006b), Canes Venatici II (Sakamoto &
Hasegawa 2006), Coma Berinices, Hercules, Leo IV and Segue I (Belokurov et al. 2007), Draco and Ursa Minor (Wilson 1955), Fornax
(Shapley 1938b), Leo I and Leo II (Harrington & Wilson 1950), Pisces II (Belokurov et al. 2010), Sculptor (Shapley 1938a), Sextans
(Irwin et al. 1990), Ursa Major I (Willman et al. 2005b), Ursa Major II (Zucker et al. 2006a), Willman I (Willman et al. 2005a). Their
metallicity and metallicity spreads were drawn from Kirby et al. (2008), Kirby et al. (2010), Norris et al. (2010), Willman et al. (2011).
The dwarf galaxy candidates discovered recently and shown on this figure are Bootes II (Koch & Rich 2014), DES1 (Luque et al. 2016;
Conn et al. 2018), Eridanus III (Bechtol et al. 2015; Conn et al. 2018; Koposov et al. 2015b), Hyades II (Martin et al. 2015), Pegasus III
(Kim & Jerjen 2015), Reticulum II and Horologium I (Koposov et al. 2015a), Segue II (Belokurov et al. 2009), and the most significant
candidates of Drlica-Wagner et al. (2015): Gru II, Tuc III, and Tuc IV.
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of this discrepancy. Anyhow, it illustrates the difficulty of
studying and understanding such faint systems.
Independently of the nature of Sgr II, the orbit we infer
for the satellite is compatible with the trailing arm of the
Sagittarius stream according to the model by Law & Majew-
ski (2010) (Figure 14). However, we note that the agreement
between the two orbits is not perfect and, in particular, that
the position of Sgr II today and its favoured movement in the
Y-Z galactocentric plane are slightly offset from the plane
of the Sgr stream. Three hypotheses can be formulated to
explain this discrepancy:
• The fact that the Sgr stream and the Sgr II orbits are
compatible is purely coincidental.
• Sgr II is linked to the stream, and the discrepancy be-
tween Sgr II and the stream in the Y direction, if real,
could be explained by the fact that Sgr dSph satellites were
stripped first and with a different energy than that of stars
represented in the simulation.
• Sgr II is linked to the stream and is also representative
of its behaviour around the MW. No model is able to match
all the observational constraints existing for the Sgr stream
(Fardal et al. 2019). The observed difference in the orbital
plane of Sgr and Sgr II could suggest that the behaviour of
the distant Sgr stream wrap that Sgr II would be associated
to is not perfectly described by the Law & Majewski (2010)
simulation.
If either the second or the third scenario is the valid one,
it would mean that Sgr II is a new, exciting example of satel-
lite of a satellite. Similarly to the Magellanic Clouds, the Sgr
dSph would then have brought its own cohort of satellites
that have now been deposited in the MW halo. Moreover, it
would also bring some precious insights on the orbit of the
Sgr stream in regions where it is poorly constrained.
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Table 2. Properties of our spectroscopic sample. The Pristine metallicity of a given star is indicated only if [Fe/H]CaHK < −1.0. The
individual spectroscopic metallicity is reported for stars with S/N >= 12 and g0 > 20.5 only. Stars with Pmem > 0.8 are systematically
considered as members. Potential horizontal branch stars of Sgr II are marked as “HB” as the spectroscopic pipeline extracting the
velocities is less reliable for those stars. Since our CMD fitting procedure described in section 4.1 does not account for the horizontal
branch, their membership probability is not meaningful. Potential binary stars (as defined in section 2.2) are marked as “B”. The
systematic threshold δthr is not included in the velocity uncertainties presented in this table.
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Table 2. Properties of our spectroscopic sample - Part 2
R
A
(d
eg
)
D
E
C
(d
eg
)
g
0
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C
a
H
K
0
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r
(
k
m
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1
)
µ
∗ α
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a
s.
y
r−
1
)
µ
δ
(m
a
s.
y
r−
1
)
S
/
N
[F
e/
H
] C
a
H
K
[F
e/
H
] s
p
e
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o
P
m
e
m
M
em
b
er
2
9
8
.1
7
1
7
1
2
5
0
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2
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2
2
6
2
2
2
2
2
2
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2
±
0
.0
2
2
1
.5
3
±
0
.0
2
2
3
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7
5
9
1
6
7
−2
2
.1
1
2
5
6
9
4
4
2
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2
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±
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Table 2. Properties of our spectroscopic sample - Part 3
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Table 3. Velocities and individual metallicities for all stars observed more than once, per mask. Mask 1 was observed on the 2015-09-18,
mask 2 on the 2015-09-08 and mask 3 on the 2015-09-12 (respectively 2457283.760868, 2457273.738102 and 2457277.742083 in Julian
dates). The systematic threshold δthr is not included in the velocity uncertainties presented in this table. The individual spectroscopic
metallicity is reported for stars with S/N >= 12 and g0 > 20.5 only.
RA (deg) DEC (deg) Mask vr( km s−1) [Fe/H]spectro
298.18001250 -22.071750000 Combined 0.2± 0.9 —
Mask 1 0.2± 1.6 —
Mask 2 1.1± 1.7 —
Mask 3 −0.5± 1.4 —
298.16145833 -22.082655560 Combined −182.8± 0.9 −2.27± 0.04
Mask 1 −182.4± 1.8 −2.36± 0.07
Mask 2 −183.1± 1.4 −2.25± 0.08
Mask 3 −182.8± 1.4 −2.2± 0.07
298.18212917 -22.057094440 Combined 28.4± 1.8 —
Mask 1 29.4± 5.6 —
Mask 2 29.6± 2.4 —
Mask 3 25.7± 3.3 —
298.20599167 -21.987900000 Combined 16.6± 1.3 —
Mask 1 17.4± 1.7 —
Mask 3 15.1± 2.2 —
298.13157500 -21.985827780 Combined 27.5± 1.5 —
Mask 1 27.1± 2.0 —
Mask 3 28.0± 2.4 —
298.13137917 -21.982733330 Combined −39.4± 2.2 —
Mask 1 −44.0± 2.8 —
Mask 3 −31.4± 3.6 —
298.15507917 -21.980541670 Combined 12.5± 1.7 —
Mask 1 12.0± 2.9 —
Mask 3 12.7± 2.1 —
298.15097500 -21.952833330 Combined 140.9± 1.7 —
Mask 1 140.8± 2.1 —
Mask 3 141.1± 3.1 —
298.19072083 -21.967580560 Combined −118.1± 6.2 −2.86± 0.23
Mask 1 −116.0± 10.1 −3.02± 0.27
Mask 3 −119.4± 7.9 −2.46± 0.42
298.18688333 -21.977138890 Combined −107.3± 2.8 −1.26± 0.13
Mask 1 −114.2± 5.4 −1.31± 0.17
Mask 3 −104.7± 3.3 −1.21± 0.18
298.18320417 -21.963619440 Combined −15.4± 3.5 —
Mask 1 −9.8± 7.3 —
Mask 3 −17.1± 4.0 —
298.13665417 -21.974238890 Combined −7.8± 7.4 —
Mask 1 −1.4± 9.9 —
Mask 3 −16.3± 11.3 —
298.19440000 -21.990705560 Combined −67.3± 3.8 —
Mask 1 −64.4± 7.0 —
Mask 3 −68.5± 4.5 —
298.18154167 -21.969627780 Combined 30.1± 16.0 —
Mask 1 26.3± 20.0 —
Mask 3 37.0± 26.9 —
298.19622500 -21.993688890 Combined −2.0± 13.4 —
Mask 1 −4.6± 17.6 —
Mask 3 1.6± 20.5 —
298.16959583 -22.174630560 Combined 89.7± 1.1 —
Mask 1 88.5± 1.7 —
Mask 3 90.5± 1.5 —
298.16810000 -22.188300000 Combined 105.1± 1.3 —
Mask 1 104.8± 1.5 —
Mask 3 105.9± 2.5 —
298.19661667 -22.146352780 Combined 29.2± 1.8 —
Mask 1 30.8± 2.4 —
Mask 3 27.1± 2.8 —
298.17483750 -22.166063890 Combined −54.0± 1.3 —
Mask 1 −54.2± 1.9 —
Mask 3 −53.9± 1.7 —
298.19827500 -22.144983330 Combined 89.3± 1.3 —
Mask 1 91.0± 2.4 —
Mask 3 88.5± 1.6 —
298.16120000 -22.008286110 Combined −85.1± 1.4 —
Mask 1 −82.0± 2.1 —
Mask 3 −87.5± 1.9 —
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Table 3. Velocities and individual metallicities for all stars observed more than once, per mask. - Part 2
298.15403750 -22.111083330 Combined 51.4± 1.9 —
Mask 1 51.2± 3.3 —
Mask 3 51.5± 2.4 —
298.15852917 -22.058469440 Combined −167.9± 9.5 −0.44± 0.28
Mask 1 −161.0± 23.3 −1.27± 0.77
Mask 3 −169.3± 10.4 −0.32± 0.3
298.19296667 -22.022188890 Combined 122.6± 1.8 —
Mask 1 123.3± 2.8 —
Mask 3 122.0± 2.5 —
298.17763750 -22.046011110 Combined −135.3± 4.2 −0.93± 0.28
Mask 1 −177.0± 4.9 −1.25± 0.39
Mask 3 −12.9± 8.4 −0.61± 0.39
298.17252500 -22.074108330 Combined −76.1± 10.3 −0.07± 0.23
Mask 1 −82.6± 18.3 −0.07± 0.35
Mask 3 −73.1± 12.5 −0.07± 0.31
298.12763750 -22.172886110 Combined −15.5± 2.6 −1.78± 0.16
Mask 1 −13.7± 3.4 −1.78± 0.2
Mask 3 −17.9± 4.0 −1.78± 0.25
298.20524167 -22.027505560 Combined 201.1± 3.4 —
Mask 1 212.3± 4.9 —
Mask 3 190.9± 4.7 —
298.14820833 -22.002480560 Combined 163.6± 1.9 −2.51± 0.12
Mask 1 163.3± 2.4 −2.43± 0.16
Mask 3 164.1± 3.4 −2.62± 0.18
298.16396667 -22.063497220 Combined 41.4± 2.0 −2.02± 0.11
Mask 1 42.2± 3.0 −2.01± 0.16
Mask 3 40.7± 2.8 −2.02± 0.16
298.16217500 -22.054411110 Combined −176.0± 1.5 −2.24± 0.08
Mask 1 −176.4± 1.8 −2.2± 0.12
Mask 3 −175.1± 2.7 −2.26± 0.1
298.14762500 -22.189836110 Combined −227.3± 3.3 —
Mask 1 −229.5± 7.4 —
Mask 3 −226.8± 3.7 —
298.19400833 -22.086383330 Combined −174.9± 2.3 −2.1± 0.11
Mask 1 −174.8± 2.7 −2.11± 0.15
Mask 3 −175.1± 4.4 −2.08± 0.15
298.19723333 -22.124525000 Combined −323.9± 2.6 —
Mask 1 −320.8± 3.7 —
Mask 3 −326.8± 3.6 —
298.14902500 -22.023586110 Combined −71.1± 3.6 —
Mask 1 −68.0± 4.1 —
Mask 3 −80.9± 7.3 —
298.18112083 -22.060772220 Combined −179.5± 2.4 —
Mask 1 −179.9± 3.4 —
Mask 3 −179.2± 3.5 —
298.17317500 -22.115836110 Combined −173.9± 3.8 —
Mask 1 −157.7± 6.4 —
Mask 3 −182.8± 4.7 —
298.12500000 -22.117663890 Combined −179.7± 16.8 —
Mask 1 −97.2± 42.3 —
Mask 3 −195.1± 18.3 —
298.14954583 -22.107030560 Combined −177.4± 3.7 —
Mask 1 −180.8± 6.1 —
Mask 3 −175.5± 4.7 —
298.18245417 -22.105638890 Combined −176.3± 6.0 —
Mask 1 −172.9± 11.1 —
Mask 3 −177.7± 7.1 —
298.16334583 -22.143216670 Combined 71.0± 4.9 —
Mask 1 75.7± 6.8 —
Mask 3 65.8± 7.0 —
298.16188333 -22.053213890 Combined −177.5± 7.8 —
Mask 1 −178.1± 12.5 —
Mask 3 −177.1± 9.9 —
298.18229167 -22.042752780 Combined −177.1± 3.9 —
Mask 1 −180.6± 6.3 —
Mask 3 −175.0± 5.0 —
298.19592917 -22.132950000 Combined 22.0± 6.6 —
Mask 1 −497.1± 14.1 —
Mask 3 166.5± 7.4 —
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Table 3. Velocities and individual metallicities for all stars observed more than once, per mask. - Part 3
298.13948750 -22.176200000 Combined 174.5± 11.6 —
Mask 1 142.2± 24.7 —
Mask 3 183.7± 13.2 —
298.15003333 -22.017416670 Combined −276.5± 3.6 —
Mask 1 −273.9± 7.0 —
Mask 3 −277.5± 4.2 —
298.14941250 -22.179366670 Combined −59.4± 5.6 —
Mask 1 −52.7± 6.8 —
Mask 3 −73.5± 9.8 —
298.16383333 -22.186166670 Combined −11.5± 5.2 —
Mask 1 −6.4± 6.4 —
Mask 3 −21.4± 9.0 —
298.16461667 -22.091652780 Combined −172.1± 4.5 —
Mask 1 −164.5± 5.5 —
Mask 3 −189.6± 8.2 —
298.20289583 -22.035700000 Combined −177.4± 7.9 —
Mask 1 −181.2± 10.3 —
Mask 3 −171.9± 12.3 —
298.17171250 -22.122622220 Combined −109.2± 9.5 —
Mask 1 −112.2± 17.1 —
Mask 3 −107.9± 11.4 —
298.16051250 -22.109411110 Combined −51.8± 8.5 —
Mask 1 −12.1± 9.9 —
Mask 3 −171.3± 17.1 —
298.16816250 -22.184716670 Combined 62.8± 14.7 —
Mask 1 48.7± 16.5 —
Mask 3 116.8± 32.3 —
298.17825417 -22.015291670 Combined 341.2± 10.5 —
Mask 1 375.7± 10.9 —
Mask 3 −85.7± 38.3 —
298.20325417 -22.119213890 Combined 268.2± 8.4 —
Mask 1 737.8± 29.0 —
Mask 3 225.0± 8.8 —
298.12890833 -22.157383330 Combined 31.0± 6.0 —
Mask 1 32.6± 7.5 —
Mask 3 28.1± 9.9 —
298.18128333 -22.114341670 Combined −15.4± 10.0 —
Mask 1 −15.8± 14.1 —
Mask 3 −15.0± 14.2 —
298.12620417 -22.163083330 Combined −100.2± 7.3 —
Mask 1 −92.8± 7.9 —
Mask 3 −141.3± 18.6 —
298.19941250 -22.102163890 Combined 332.5± 8.3 —
Mask 1 −238.7± 19.6 —
Mask 3 457.9± 9.2 —
298.13974583 -22.025369440 Combined 642.6± 13.9 —
Mask 1 574.9± 20.1 —
Mask 3 704.6± 19.2 —
298.17350417 -22.098127780 Combined 37.3± 8.2 —
Mask 1 724.5± 15.4 —
Mask 3 −238.5± 9.8 —
298.19098333 -22.088255560 Combined −305.3± 16.6 —
Mask 1 −622.7± 20.8 —
Mask 3 257.3± 27.6 —
298.14785000 -22.050347220 Combined 461.1± 10.1 —
Mask 1 537.3± 26.9 —
Mask 3 448.6± 10.9 —
298.15192083 -22.029111110 Combined 126.0± 30.7 —
Mask 1 139.2± 43.3 —
Mask 3 112.6± 43.6 —
298.16238403 -22.077482220 Combined −170.4± 0.7 −2.1± 0.04
Mask 1 −173.2± 1.2 −2.14± 0.06
Mask 3 −169.0± 0.9 −2.05± 0.06
298.16424561 -22.168029780 Combined −82.8± 1.1 −1.39± 0.06
Mask 1 −83.0± 1.7 −1.44± 0.08
Mask 3 −82.6± 1.5 −1.33± 0.08
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